Background/Aims: Malignant melanoma has high metastatic potential, is highly resistant to chemotherapy, and has a poor survival rate. Gambogic acid (GA), a polyprenylated xanthone extracted from a traditional Chinese medicinal herb, has been proven to exhibit antitumor activity. The present study aimed to investigate the signaling pathways that mediated GAinduced inhibition of human malignant skin melanoma proliferation. Methods: The study was conducted using A375 cells and the corresponding tumor transplanted in nude mice. Results: Incubation of A375 cells with 1-10 μg/ml GA decreased cell viability and increased apoptosis. GA concentration-dependently increased p66 shc expression and intracellular ROS levels. GA also decreased the oxygen consumption rate and the mitochondrial membrane potential (MMP) in A375 cells. Experimental inhibition of p66 shc by siRNA suppressed GAinduced increase of ROS, decrease of oxygen consumption rate, MMP and cell viability, whilst suppressing GA-induced increase of apoptosis. GA concentration-dependently upregulated p53 and Bax expression in A375 cells. GA also increased p53-TA-luciferase activity and p53-binding to Bax promoter, which was inhibited by Sip53. Experimental inhibition of p53 with Sip53 blocked GA-induced decrease of the oxygen consumption rate and cell viability, and blocked the increase of apoptosis. In tumor-bearing nude mice, GA notably inhibited tumor growth, and this action was suppressed by N-acetylcysteine (NAC), a potent antioxidant, and by PFT-α, a p53 inhibitor. In A375 tumors transplanted in nude mice, GA increased both p66 shc and p53 expression. NAC and PFT-α treatment did not significantly affect p66
penicillin G and 100 μg/ml streptomycin sulphate, in 5% CO 2 -humidified atmosphere, at 37°C. When cells were around 90% confluent, Trypsin-EDTA (0.25%/0.02%) was used to passage cells. Passage 3-10 cells were used in the current study. The doubling time of A375 cells was 18-20 h. GA was dissolved in DMSO (10 mg/ml stock solution) and was further diluted in RPMI-1640 without serum (the dilution range of DMSO: 1:1000-1:10,000). A375 cells were incubated with 1-10 μg/ml GA for 12-36 h for evaluating the concentration-dependent effect of GA; for assessing the concentration-dependent effect of GA on apoptosis, ROS generation, mitochondrial function and the expression of key regulators, A375 cells were incubated with 1-10 μg/ml GA for 24 h. cells were transfected with siRNAs for 48 h (see the section "Transfection and reporter gene assay") and then exposed to 10 μg/ml GA in presence or absence of 100 μM NAC for examining the molecular mechanism of GA-induced cytotoxicity on melanoma cells.
Cell viability and proliferation A375 cells were seeded in 96-well plates, 1 × 10 4 cells per well. After 24 h incubation, cells were treated with 1-10 μg/ml GA for additional 12-36 h. In some experiments, 30% confluent cells were transfected with indicated siRNAs for 48 h (see the section "Transfection and reporter gene assay") and then exposed to 10 μg/ml GA for additional 24 h. After treatment, cell viability/proliferation was determined by the 3-(4, 5-dimethylthiazoyl-2-yl) 2, 5 diphenyltetrazolium bromide (MTT) assay which evidenced the amount of metabolically active cells in culture using a microplate reader (TECAN, Infinite ® F200 PRO, Switzerland). Control cells were treated with serum-free RPMI-1640 with DMSO and/or scramble siRNAs.
Apoptosis
Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay was conducted as previously described to determine apoptosis [21] . Cells were seeded in special dishes for confocal observation. A375 cells at 60-70% confluence (24 h after seeding) were incubated with 1-10 μg/ ml GA for additional 24 h. In some experiments, 30% confluent cells were transfected with indicated siRNAs for 48 h (see the section "Transfection and reporter gene assay") and then exposed to 10 μg/ml GA for 24 h. After treatment, cells were washed with phosphate-bufferedsaline (PBS), fixed in 4% paraformaldehyde, and then incubated with 3% H 2 O 2 in methanol for 10 min at room temperature in order to block endogenous peroxidase activity. After washing with PBS, cells were incubated with the TUNEL reaction mixture for 1 h at 37℃, and then stained with Hoechst for 10 min at room temperature. Finally, TUNEL-positive cells (green fluorescence) were observed and counted using a confocal microscopy (Olympus, FV10i, Japan). Results were shown as percentage of TUNEL-positive cells in treated samples versus control. Control cells were treated with serum-free RPMI-1640 with DMSO and/or scramble siRNAs.
Determination of ROS
Intracellular ROS level in A375 cells was determined using the oxidation-sensitive probe DCFH-DA. Cells were treated as stated in "Cell culture and treatment" section. After treatment, cells were trypnisized, collected and re-suspended in serum-free RPMI-1640 medium with 10 μM DCFH-DA (10 mM stock solution in DMSO) for 60 min at 37°C. After washing cells for 3 times with PBS, fluorescence was analyzed by flow cytometry (BD Accuri, C6, USA) using C6 Flow Cytometer ® System. 20,000 cells were analyzed per sample. The percentage of DCFH-DA-positive cells was calculated and results were shown as percentage of ROS level in treated samples versus non-treated samples (control). Control cells were treated with serum-free RPMI-1640 with DMSO and/or scramble siRNAs.
In some experiments, mitochondrial ROS level was determined using the mitochondrial superoxidespecific probe MitoSOX. Cells were seeded in special dishes for confocal observation. 60-70% confluent cells were treated with 10 μg/ml GA for 24 h. After the experiment, cells were washed with PBS, and stained with 500 nM MitoSOX (1 mM stock solution in DMSO) for 30 min at 37°C, and then observed using a confocal microscopy (Olympus, FV10i, Japan; excitation/emission, 535/617 nm). The percentage of MitoSOX-positive cells (red fluorescence) was determined. 
Western blot
Cells were treated as stated in "Cell culture and treatment" section. After the experiment, cells or tumor tissues (see the section "Animal treatment") were lysed on ice for 30 min with cell lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 10 mM NaF, 1 mM Na 3 VO 4 , and protease inhibitor cocktail). After centrifugation at 20,000 × g for 20 min at 4°C, the protein content in supernatants was determined using the BCA assay kit. Thereafter, equal volumes of supernatant and 2× SDS loading buffer were mixed and boiled for 5 min. 20 μg of total proteins were subjected to SDS-PAGE (spacer gel, 80 V; separation gel, 130 V) and then transferred onto a PVDF membrane (25 V, 30 min). After blocking (8% nonfat milk) for 1 h in room temperature, the membranes were incubated overnight at 4°C with the indicated primary antibodies. After washing for four times, the membrane was incubated at 37°C for 30 min with appropriate horseradish peroxidase-conjugated secondary antibodies. The protein bands were visualized using chemiluminescent reagents (Pierce ECL) according to the manufacturer's instructions, and quantified using the image analyzer QuantityOne System (Bio-Rad, Richmond, CA, USA).
Determination of mitochondrial function
The mitochondrial function was determined by assessing the oxygen consumption rate and the MMP. Cells were treated as stated in "Cell culture and treatment" section. After the experiment, cultured cells were trypsinized, washed in PBS and then resuspended in oxygen-saturated Dulbecco's phosphate-buffered saline (dPBS). Then, the oxygen consumption rate was measured with a Clark Oxygen Electrode (Hansatech, UK) and expressed as percentage of baseline in each group. For the determination of MMP, cells were seeded in dishes used for confocal observation. Cells treated by 200 μM tert-Butyl hydroperoxide (tBHP) for 24 h were used as positive control. After treatment, cells were washed with PBS, and incubated with 10 μM Rhodamine 123 (Rho123) at 37°C for 30 min. Thereafter, fluorescence was observed under a confocal microscopy (Olympus, FV10i, Japan; excitation/emission, 488/533 nm) and representative images were shown.
Transfection and reporter gene assay siRNAs of p66 and p53 and scramble control siRNAs were synthesized by Genechem Technology (Shanghai, China). siRNAs, pp53-TA-luciferase, and Renilla TK luciferase plasmids were transfected into A375 cells. The transfection was conducted using TurboFect transfection reagent according the manufacturer's protocols. After the experiments, cells were harvested in passive lysis buffer and the reporter assay was performed using the Dual-Luciferase Reporter Assay System. Firefly luciferase activity was normalized to Renilla luciferase and shown as ratio of relative light units.
Chromatin Immunoprecipitations
The activity of p53 binding to Bax promoter was detected by the Chromatin Immunoprecipitations (CHIP) assay using the Pierce Agarose ChIP Kit according to the manufacturer's instructions. Cells were cross-linked using 1% formaldehyde, and were then harvested and sheared by sonication. The cell lysate was immunoprecipitated with p53 antibodies. DNA was isolated from the immunoprecipitated chromatin, and PCR was performed to examine the presence of the Bax gene promoter using BIORAD System (CFX96, USA).
Animal treatment
The tumor animal model was established as previously described [22] . Briefly, male nude mice (6-8 weeks) were obtained from the Animal Centre of Shanxi Medical University. The Animal Care and Use Committee of Shanxi Provincial Traditional Chinese Medicine Institute approved surgical procedures in accordance with the National guidelines regarding the care and use of animals for experimental procedures.
A375 tumor cells (1 × 10 5 cells in 100 µl PBS) were implanted subcutaneously into nude mice. Our preliminary results have shown that 5 days after implantation of A375 cells the tumor grew to a volume of about 100 mm , where L and S are the long and short diameters of the tumor.
Statistical analysis
All statistical analysis was performed using the GraphPad software (GraphPad Prism 5.0). Results were expressed as mean ± standard error of the mean (SEM). Statistical analysis was carried out by one-way analysis of variance (ANOVA) followed by the Newmane Keuls multiple-comparison post hoc test. P value< 0.05 was considered statistically significant.
Results

GA inhibits proliferation and induces apoptosis in malignant melanoma cells
The concentration-and time-dependent effects exerted in vitro by GA on human malignant skin melanoma A375 cells were evaluated. To avoid the possible influence of serum, we used serum-free RPMI-1640 as culture medium. We wanted to state that starvation may result in metabolic stress in our experimental in vitro model and simulate nutrient deprivation in large or fast growing tumors [23] . Incubation of A375 cells with 1-10 μg/ml GA decreased cell viability, the effect being concentration-and time-dependent (Fig.  1A , B and C). Incubation of cells with 10 μg/ml GA for 24 h decreased cell viability to about 
D
50% of control, and this exposure model was selected throughout the study. The effect of GA on the apoptosis of A375 cells was investigated, and we showed that GA increased the percentage of TUNEL-positive cells in a concentration-dependent manner (Fig. 1D) . Culture of cells for 24 h with 10 μg/ml GA decreased cell viability to about 50% of non-treated cells (Control), and increased apoptosis to about 8 times of Control. The concentration of 10 μg/ml GA was used throughout the following experiments for investigating the molecular mechanisms underlying the action of GA.
ROS generation and p66
shc upregulation are involved in GA-induced inhibition of A375 cell proliferation To evaluate whether reactive oxygen species (ROS) generation was involved in GAinduced inhibition of A375 cell proliferation, the effect of GA on intracellular ROS levels was examined. The intracellular ROS level was increased by 24 h treatment with 10 μg/ml GA in a concentration-dependent manner, as evidenced by the increase of DCFH-DA-positive cells ( Fig. 2A) . We also showed that GA increased MitoSOX-reactive A375 cells, indicating that GA induced the increase of mitochondrial superoxide generation (Fig. 2B) . To test the mitochondrial source of GA-induced ROS generation, we examined the expression of p66 shc ,
Fig. 3. Role of p66
shc upregulation in GA-exhibited effect on mitochondrial dysfunction A375 cells. A375 cells were transfected with sip66 shc . 48 h after transfection, cells were treated with 10 μg/ml GA for 24 h. Control cells were transfected with scramble siRNAs and treated with serum-free RPMI-1640 with DMSO. After treatment, oxygen consumption rate was evaluated by a Clark Oxygen Electrode (A). Results were shown as rate of oxygen consumption. In some experiments, cells were incubated with Rho123 (10 μM), and then fluorescence was observed by confocal microscopy. Cells treated by 200 μM tBHP for 24 h were used as positive control. . 48 h after transfection, cells were treated for 24 h with 10 μg/ml GA in presence or absence of 100 μM NAC. After treatment, real-time PCR (A and C) and western blot (B and D) were conducted to determine mRNA and protein expression of p53. The results of real-time PCR were expressed as folds of Control. Representative blots of western blot were shown and results were also shown as ratio of p53 band to β-actin band. (E) A375 cells were incubated with 1-10 μg/ml GA for 24 h. After treatment, real-time PCR was conducted to determine mRNA of Bax. Results were expressed as folds of Control. (F-K) A375 cells were transfected with sip53. 48 h after transfection, cells were treated with 10 μg/ml GA for 24 h. After treatment, real-time PCR was conducted to determine the mRNA of Bax (F). Results were expressed as folds of Control. p53-TA-luciferase activity was determined with STOP&GLO and firefly luciferase activity was normalized to Renilla luciferase (G). Binding of p53 to the Bax promoter was assessed by the CHIP assay (H). The oxygen consumption rate was evaluated by a Clark Oxygen Electrode (I). Cell viability was determined by the MTT assay (J). Apoptosis was measured by TUNEL assay (K). * P < 0.05, compared with Control.** P < 0.05, compared with GA.
an important mitochondrial stimulator of ROS generation [24] . Results showed that both mRNA and protein expression of p66 shc was increased by GA treatment in a concentrationdependent manner (Fig. 2C and D) . To examine the role of p66 shc in GA-induced ROS generation, A375 cells were incubated with sip66 shc , and then exposed to 10 μg/ml GA for 24 h. Sip66 shc alone did not significantly affect cell viability and apoptosis (Fig. 2E , F and G), but significantly decreased ROS level in GA-treated cells (Fig. 2E) , inhibited GA-induced decrease of cell viability (Fig. 2F) and increase of apoptosis (Fig. 2G) . These results indicated that upregulation of p66 shc was involved in GA-induced ROS generation in A375 cells, and this contributed to the decrease of cell viability and increase of apoptosis.
p66
shc upregulation is involved in GA-induced mitochondrial dysfunction in A375 cells To examine the mechanism of GA-induced apoptosis, we the effect of GA on the mitochondrial function in A375 cells was investigated. The oxygen consumption rate and Rho123 fluorescence were decreased by 10 μg/ml GA (Fig. 3A and 3B) . Accordingly, results indicated that GA induced notable mitochondrial dysfunction in human malignant melanoma A375 cells. Inhibition of p66 shc by siRNAs markedly blocked GA-induced decrease of mitochondrial function and MMP, as evidenced by the increase of oxygen consumption rate and Rho123 fluorescence intensity. Results indicated that p66 shc -mediated ROS generation may be involved in GA-induced mitochondrial dysfunction, which greatly contributed to apoptosis of A375 cells.
p53 upregulation is involved in GA-induced mitochondrial dysfunction and apoptosis in A375 cells
To test the molecular mechanism of p66 shc in-ROS-mediated mitochondrial apoptosis induced by GA, p53 expression changes were evaluated in A375 cells. As shown in Fig.  4A and B, mRNA and protein expression of p53 were increased by GA in a concentrationdependent manner. When cells were treated with sip66 or 100 μM NAC, a potent antioxidant, GA-induced increase of mRNA and protein expression of p53 was inhibited (Fig. 4C and D) , indicating that p66 shc -generated ROS was responsible for GA-induced increase of p53. We tested further the effect of GA on BCL2-associated X Protein (Bax). Results showed that GA concentration-dependently upregulated mRNA expression of Bax (Fig. 4E) . To test whether p53 was involved in GA-induced upregulation of Bax, cells were treated with sip53. As presented in Fig. 4F , GA-induced upregulation of Bax was notably reduced in the presence of sip53, indicating that GA upregulated Bax through increasing p53. To further confirm the transcriptional regulation of Bax by GA, luciferase and CHIP assays were conducted. As shown in Fig. 4G , GA increased p53-TA-luciferase activity, which in turn was inhibited by sip53. We shc or p53 band to the β-actin band. * P < 0.05, compared with Control.** P < 0.05, compared with GA.
showed that GA increased p53 binding to Bax promoter, and silence of p53 by siRNAs notably limited p53-Bax promoter binding (Fig. 4H) . Furthermore, the role of p53 in GA-induced mitochondrial dysfunction, apoptosis and decrease of cell viability was examined. Silence of p53 by siRNAs markedly blocked GA-induced decrease of oxygen consumption rate (Fig.  4I) ; GA-induced decrease of cell viability and increase of apoptosis were notably inhibited by sip53 ( Fig. 4J and H) . These results indicated that p53 upregulation was responsible, at least partly, for GA-induced mitochondrial dysfunction, decrease of cell viability and increase of apoptosis, via transcriptional regulation of Bax.
Anti-melanoma effect of GA in transplanted mice tumor model
To investigate the inhibitory effect of GA on malignant melanoma in vivo, we established a transplanted tumor model in nude mice using A375 cells. The tumor volume was calculated to evaluate the general inhibitory effect of GA on tumor growth. Intraperitoneal injection of 100 mg/kg GA decreased tumor volume to about 40% of Control (Fig. 5A) , confirming in vivo the anti-melanoma effect of GA evidenced in vitro. NAC and PFT-α treatment suppressed the inhibitory effect exerted by GA on tumor growth, indicating that ROS generation and p53 upregulation may be involved in the anti-melanoma effect of GA in vivo. Moreover, we showed that GA increased both p66
shc and p53 expression in tumors (Fig. 5B ), but NAC and PFT-α treatment did not significantly affect p66
shc expression in tumors of GA-treated mice. In contrast, both NAC and PFT-α treatment inhibited GA-induced p53 expression in A375 tumors transplanted in nude mice. Consistent with the in vitro obtained results, in vivo data indicated that upregulation of p66 shc by GA caused ROS generation which contributed to the increase of p53, resulting in inhibition of tumor growth in vivo.
Discussion
Numerous studies have shown the antitumor effect of GA in various types of cancers. Recently, it was found that GA also exerted an inhibitory effect on malignant melanoma. In the current study, we further investigated in vitro and in vivo mechanisms underlying the antitumor effect exerted by GA in preclinical models of human malignant melanoma.
Consistent with previous findings, we found that GA exerted an important inhibitory effect on human malignant melanoma A375 cells in vitro and in the corresponding mouse tumor model, as evidenced by the decrease of cell viability and increase of apoptosis in A375 cells, along with inhibition of tumor growth in nude mice. It is well-known that large amounts of ROS, above a tumor-specific threshold, can induce inhibition of tumor cell proliferation and tumor growth [25] [26] [27] . Previous studies have shown that GA could promote ROS generation in various types of cancer cells. Zhen et al. [28] found that GA lysinate induced apoptosis in breast cancer MCF-7 cells by increasing ROS levels. Yang et al. [16] showed that GA enhanced the radio-sensitivity of human esophageal cancer cells by inducing ROS generation. It was also found that ROS-mediated autophagy induced by dysregulation of lipid metabolism plays a protective role in colorectal cancer cells treated with GA [29] . Consistent with previous results, we found that GA concentration-dependently increased intracellular and mitochondrial ROS generation in A375 cells. ROS could be produced by various cellular sources, including NADPH oxidases, mitochondrial oxidative metabolism, endoplasmic reticulum stress, etc [30] . Among them, mitochondria are the main source of ROS production and also the main target of ROS insult [31] [32] [33] . Recent researches have shown that p66 shc plays a key role in mitochondrial ROS metabolism and oxidative stress response [34] . p66
shc is a proapoptotic protein involved in ROS production in mitochondria, leading to mitochondrial damage and apoptosis [35] . We found that GA increased p66 shc expression in human malignant melanoma A375 cells both in vitro and in vivo. Our results indicated that p66 shc was a major target of GA, which was responsible for ROS production, hence contributing to mitochondrial dysfunction, apoptosis and decrease of cell viability in melanoma cells.
The tumor suppressor protein p53 is a well-known redox-sensitive transcription factor that organizes and directs cellular functions in response to a variety of intracellular or extracellular stresses [36, 37] . ROS function as both upstream signal that activates p53, and downstream factor that mediates apoptosis [36, 37] . p53 induces mitochondrial outer membrane permeabilization by direct interaction with Bcl-2 proteins that are present in the mitochondrial outer membrane [38] . Previous studies have shown that p53 is a direct Bax activator [39] . It was found that GA induced apoptosis through p53 activation in several cancer cell lines [40, 41] . Xu et al. showed that GA induced mitochondria-dependent apoptosis by modulation of Bcl-2 and Bax in mantle cell lymphoma JeKo-1 cells [42] and in human malignant melanoma A375 cells [19] . The present study demonstrated that p53 mediated GA-induced mitochondrial dysfunction and apoptosis through transcriptional regulation of Bax, and p66 shc -mediated ROS generation acted as upstream signal of p53/ Bax-regulated apoptosis induced by GA.
Concluding, in the present preclinical study we found that GA increased p66 shc and promoted ROS generation, activated p53 and its regulation of Bax, hence leading to apoptosis and inhibition of proliferation in human malignant melanoma A375cells (schematic mechanism presented in Fig. 6 ). Results provided novel insights into the chemotherapeutic use of GA by highlighting the importance of p66 shc /ROS-p53/Bax interconnected pathway in the antitumor effect of GA in malignant melanoma.
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